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Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. ABSTRACT Several early conceptual designs of fusion demonstration and commercial reactors are used in a discussion of radioactive waste streams, methods of handling these wastes, and their possible environmental effccts. Comparisons are made between these waste streams and the fuel cycles of the light water reactor and the liquid metal fast breeder reactor.
Most radioactive waste in fusion reactors is generated through replacement of the inner blanket region. Because there is a high degree of uncertainty with regard to blanket lifetimes, there is some uncertainty concerning the activity levels that must be handled. However, in general, fusion reactors are expected to create larger physical amounts of radioactive waste with lower and shorter-lived activity than do fission plants. Material recycling of fusion blanket waste, for nuclear applications, seems feasible after a 100-yr holding time. 
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SUMMARY AND CONCLUSIONS
Fusion reactors, unlike fission reactors, do not generate radioactive waste products from nuclear reactions in the fuel. The actinides and long-lived fission products generated in fission reactors present formidable problems of handling and disposal. These are eliminated in fusion reactors. However, the fusion reactions that are easiest to achieve, those using D T or D D fuel, release high energy neutrons that cause nuclear reactions in the structures (blankets, ducts, shielding, etc.) surrounding the fusion plasma. Depending on the materials present in these structures, radioactive wastes may be produced that will require handling and disposal.
The characteristics of fusion radioactive wastes (total radioactive inventory, half-life, storage time, biologic hazard, volume), unlike those of fission reactors, will depend very strongly on the materials and details of particular fusion reactor designs.
This report examines possible waste management procedures for a range of conceptual hsion reactor designs that have been developed by vari-.ous fusion research groups. These designs tend to reflect goals relating to reactor performance, such as high thermal efficiency and maximum resistance to radiation damage, and they rely as far as possible on materials and technology developed for fission reactors. So far, waste management issues have been addressed after the designs are -complete, and their impact on the design of hsion reactors has been small. Thus, the conclusions reached in this report should be regarded as only a first step in the evaluation of the characteristics of radioactive wastes from fusion reactors. Examination of a much broader range of fusion reactor designs is desirable, particularly with regard to assessing how waste management problems could be reduced by alternative rcactor designs and materials. For example, there are no fusion reference designs usir~g Sic, C , or Mg alloy structures. These materials can be made very pure at reasonable cost, and their use would essentially eliminate all radwaste handling and disposal problems. Laser-separated isotopes offer another alternative material for fu-' sion reactor structures. Work at the University of Wisconsin indicates that selected separated isotopes are potentially cheap enough that activated waste inventory levels can be greatly reduced, even though alloy compositions that normally would be highly activated are used.
This report examines fusion radwastes at all stages after they leave the reactor, that is, during on-site storage and processing, transportation, isolation and disposal, and reactor decommissioning; and the potential for recycling is considered. In general, fusion radwastes appear to present far fewer problems than fission radwastes.
1. For the range of conceptual fusion reactor designs investigated, radioactive waste from fission reactors [i.e., light water reactors (LWRs) and liquid metal fast breeder reactors (LMFBRs)] has a much higher biological hazard potential (BHP) than the radioactive waste from fusion reactors. This is especially true after a two-century holding time when almost all the radioactivity in the waste from fusion reactors has decayed away.
2. For some fusion reactor designs, a holding time of 200 years for reactor radwaste results in BHP/kW(t) values substantially below those for the ash from coal-fired power plants. Uranium and thorium are present in coal, and its ash is slightly radioactive.
3. From the point of view of waste management, aluminum is the most attractive of the possible structural materials for the fusion reactor designs considered. It can be permanently disposed of by direct burial after only a few years' storage. The long-lived 26A1 isotope present in the radwaste will not create a disposal problem because even if 26A1 does-not equilibrate with the vast reservoir ofnatural A1 in the earth, the activity in groundwater exposed to aluminum radwaste will be very small compared to the maximum permissible concentration (MPC) for 26A1. Equilibration with natural A1 seems likely and will reduce the activity of 26A1 in groundwater to levels many orders nf magnitude lower than the MPC.
4. For the fusion reactors considered, mnlybdenum is the least attractive of the possible structural materials in terms of waste management.
5. Stainless steel is an intermediately attractive material for the designs considered. High levels of activity are present after reactor shutdown, but within a fairly tractable period of time (-100 yr) the activity decays to levels such that either permanent below-grade disposal or recycling is possible.
6 . Most structural materials considered for fusion reactors could be recycled' after one or two centuries of isolation, which would make concretelined trenches, caves, and abandoned mines likely candidates for retrievable waste storage facilities. If the.materia1 is not recycled at this time, permanent direct burial could be carried out.
7. Fusion-reactor-activated structural waste will probably require on-site storage for at least one year to allow activity levels to decay sufficiently for casks built according to present spent-fuel cask technology to be used for fusion shipment. Shorter decay times may be used, but shipment sizes would then appear to be prohibitively small. If reactor entombment is ultimately to be carried out, the radioactive material could be stored within the secondary containment.
8. Current conceptual designs indicate that filsion reactors, dependent upon wall load, will generate a greater volume of radwaste from their rc; placeablc blanket components than do fission reactors, because'of spent-fuel storage and disposal.
9. An area of the order of one square mile per year will be needed for near-grade burial of blanket and low-level wastes for 106/MW(e) of fusion electrical generating power, according to first-generation fusion power reactor conceptual studies.
10. Because of the quantities of radioactive blanket material associated with fusion reactors, rail shipping is the mode of choice from economic and safety considerations.
11. Transport costs for wastes from fusion reactors appear to be two to six times greater than those for LWRs of similar electrical output if present-day costing schemes are used, but these costs are small compared to other reactor costs.
12. There appears to be very little difference in the volumes and activities of low-level solid and liquid wastes associated with fusion and fission plants. 13 . Because of the high activity levcls and large physical size of some conceptual designs for fusion reactors, their decammi~~ioning costs will be quite large for complete removal schemes. Future designs, taking this problem into account, could reduce removal costs.
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WASTE MANAGEMENT PROCEDURES FOR FUSION-BASED CENTRAL POWER STATIONS I. INTRODUCTION
Waste management is presently one of the principal problems associated with fission power reactors. Although fusion reactors have no spent-fuel problem, other forms of radioactive waste will be generated during normal plant operation. An extensive body of literature and research addresses the waste management question as it relates to fission reactois. Recently, a few investigators112 have begun to consider what types of waste management problems will result from the operation of fusion power reactors and how fusion reactor radwaste may be handled.
Comparisons between fusion and fission reactors are made, on the basis of existing reactors and conceptual designs where possible. Three existing light water reactors (LWRs) and a reference LWR fuel cycle3 provide fission reactor data. San Onofre I, Dresden 11, and Oyster Creek, the three LWRs considered, were chosen because they represent different sites and have shipped spent fuel to a reprocessing facility. Five conceptual designs of fusion reactors provide data for a fusion power economy. UWMAK-I is considered to account for low wall loading, steel structure, and lithium cooling. The PPPL design includes PE-16 structure, higher wall loading, and molten-salt breeding material. The BNL minimum-activity blanket design shows low induced activity, aluminum structure, low wall loading, and helium cooling. UWMAK-I11 shows a higher wall loading, lithium and helium cooling, and tungsten zirconium molybderium (TZM) structure. The ORNL demonstration reactor features higher wall loading, steel structure, and molten-salt cooling.
In comparing source terms from these reactors, il must be remembered that there are diffeient lifetime goals for difkerent design types. Therefore, while very little waste is generated by the 2000-MW(t) ORNL demonstration reactor (with an assumed electrical conversion efficiency of 0.35 for comparison), it is performing the function of a demonstration and experimental device, as opposed to the commercial function of the other designs considered. Furthermore, higher integrated wall loading is assumed by ORNL, leading directly to the generation of less activated structural waste. In general, high-level waste in fission reactors is associated with spent fuel, whereas in fusion reactors activated structural material is the major source term. Material flow for a simple near-term LWR fuel cycle is presented in Figure 1-1 . A slightly more sophisticated fuel cycle, including Pu recycle, is shown in simplified form in Figure 1-2 . Finally, a general material-handling scheme for replaceable structural components in a fusion reactor is presented in detail in Figure 1-3 .
With the methods and assumptions given in Section 11, the transportation requirements in miles traveled are calculated for these different fuel and material cycles and are presented in Table I-1. The mileage associated with intermediate steps is included. Only main stream high-level waste is considered. In general, both fusion and fission wastes appear to have similar transportation requirements. However, significantly lower biological hazards associated with fusion waste (Section IV) would imply a lesser risk for a similar number of miles traveled.
In this report the management of fusion reactor material is discussed in detail in order that estimates of throughput and inventories associated with waste management may be made. Workers at the University of Wisconsin have presented a . scheme for their design, UWMAK-111, which is slightly different from the one set forth herein. Higher activity levels are present in stainless steels and PE-16 than in TZM, proposed for UWMAK-111. An operation is proposed that will be able to accept different levels of waste activity and volume to be generated by fusion reactors of different conceptual designs. Nea.rly all this waste is associated with replacement of at least part of the blanket throughout the reactor lifetime.
The management of activated structural material includes removal, storage, .packaging, trans2 portation, and isolation. After shutdown, it may be necessary to remove decay afterheat for some time before blanket replacement begins. When decay heat has fallen to an acceptable level, any liquids present must be drained out. In the event that some tritium breeding material or coolant remains, as would be the case for salts (e.g., Flibe) or liquid metals (Li or Na), this residue must be . removed. In situ reaction with a wet inert gas will form hydrides, hydroxides, and oxides, which allows for dismantling of the blanket without concern that any residual liquid metals or salts will react inadvertently. It may also be advisable to vacuum pump the blanket while heating it to remove some of the remaining tritium before dismantling begins. Removal of replaceable components may now be performed remotely.
Any remaining hydroxides, hydrides, or oxides may now be physically removed from the metal components. As some of the replaceable blanket components may be quite bulky, they will be cut up into sheets of manageable proportions (e.g., one to two meters on a side). On-site storage will follow to allow short-lived radioactivity to decay away before permanent disposition is made.
Permanent disposition of structural radwaste may be made on site or in a central waste repository. In either event, waste. will first be crushed and placed in storage containers (e.g., 55-gal drums or concrete vaults up to two meters on a side). This wasle may be fixed with styrene-, ' impregnated concrete or placed in a sealed container. The decision as to whether or not to fix the crushed metal will depend upon how likely groundwater is to leach radioisotopes from stored wastes, how much tritium is still present, and how likely it is that any smearable radioactivity will be transmitted outside the storage container. If offsite storage is used, as is assumed elsewhere in this report, containers will now be loaded into casks similar to present-day spent-fuel casks and rail shipped to a central waste repository. Following shipment, casks will be unloaded and waste will be handled in a manner similar to that used presently for high-level transuranic (TRU) or spenthull waste. FUI Lller qbantlhcation and amplification of various steps are presented in later sections. It will be noted, thoilgh, that on-site nlanngcmeilt procedures will be much more elaborate for fusion than for fission reactors. In an LWR, fuel assemblies are transferred to a pool and then shipped out. Quite a bit of on-site reprocessing, mainly of a mechanical nature, will be needed for fusion waste.
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II. SOURCE AND TRANSPORTATION SCHEMES
Both fission and fusion reactors will generate radioactive material which must be held and disposed of or recycled as a result of normal plant operation. Source terms for waste associated with maintenance and the fuel cycle are estimated along with activities and afterhcat. Stcjrage, trans-. portation quantities, and costs, in the event of transportation being necessary for fusion waste, are calculated for various costing schemes.
11-1. Source Terms
Most high-level waste from fusion reactors originates in the blanket. In fission reactors, spent-fuel assemblies are treated as the analogous term. Table 11-1 documents estimated annual production rates for five different sorts of fusion reactors and a reference LWR. Fusion reactors will generate considerably greater volumes of this sort of waste. Opinion is divided,425 depending on the alloy considered, as to whether recycling is possible in the fuviol~ cases. U, Pu, and Zircaloy may be rccycled in spent-fuel element^.^^^ For the first round of comparisons, no recycling will bt: consider.ed.
In order to account for a wider range of firstwall loadings in fusion reactors, the ORNL demonstration reactor will be considered. This design features a first-wall loading of 2 to 4 MW,/m2 and first-wall lifetime loads of 7 to 14 MW yr/m2. By comparison, three of the power reactor conceptual designs feature wall loadings -1.25 MW/m2 and lifetime loads of 2.5 to 5 MW yr/m2. Only spentblanket material is considered for the demonstration plant. An estimate of the annual waste generated in the first 20 cm of the blanket is made on the assumption of a 5% structures and that the modified 316 SS behaves similarly to UWMAK-I material for the same integrated loading. Cclrrosion products are neglected because estimates of amounts or activities for the demo plant are lacking.
11-2. Transportation .
Each of the four candidate fusion power reactor ' designs proposes a waste management scheme for high-level waste produced during the reactor lifetime. UWMAK-1 proposes twu possible ~chernes.~ In the first case, solid waste is stored on site for an unspecified time before being shipped bjr rail to a waste repository in either compacted or uncomPacted form. On-site burial is also proposed. For UWMAK-1112 a blanket waste management scheme is presented in far greater detail than for any of the other conceptual designs considered. Removed material is stored for three years and cut into small pieces, and any remaining lithium is removed. Decontaminated material is then crushed, fixed in concrete, and shipped to an off-site disposal site with load shielding. For the BNL design,g aboveground on-site storage of waste is proposed. On-site storage is also proposed for solid waste in the PPPL design.5 Throughout this paper certain assumptions are made regarding UWMAK-I11 which set it apart from the other conceptual reactors. Blanket waste is comprised of nonmetallic (graphite) and metallic (TZM) components. Nonmetallic components are less highly radioactive and may be shipped immediately upon removal from the reactor. For purposes of comparison, an average mixture of metallic and nonmetallic wastes is treated as the source stream, neglecting the phase lag of the metallic stream. Furthermore, specific spent-fuel casks are used for shipping rather than the shipping schemes proposed for UWMAK-111.
The rejection of local waste storage facilities by communities, environmental groups, or governments could make long-term on-site storage untenable. I11 order to take this possibility into account, a situation is posited wherein several different sorts of spent-fuel casks are used to ship waste from the site to a repository 1000 miles away. Table 11-2 lists the casks considered and their characteristics. Figure 11-1 illustrates a ~.eprcsentative shipping cask.
It is assumed that prior to shipment, first-wall and blanket materials are compacted. Therefore, weight, afterheat, or total activity will limit the amount of waste per shipment for existing casks. If all wastes are held on site one year, perhaps in something like a spent-fuel storage tank, activity and afterheat appear to pose less serious problems. If one assumes material densities of 6.8 g/cm3 for UWMAK-I compacted first-wall r~~ateriallo and a l-yr holding time, the total activity of a 1s comshipment in a TN-12 cask is 57.3 MCi. Th' pares (Table 11 -3) to a total activity of 35.5 MCi for a shipment of irradiated reference LWR fuel assemblies. Both shipments will have an appreciable quantity of tritium (3.1 7 x 103 Ci for a spentfuel assembly shipment in a TN-12*), and there are no actinides present in fusion shipments. Shipr~ients from a fusion reactor would, therefore, seem to present less of a hazard owing to their lower chemical toxicity.
In making a comparison of shipping requirements, one must keep in mind the following: it appears that fusion reactors will have to. be larger than LWRs for economic considerations, and that different means of waste disposal may be appropriate for fusion waste. In general, radioisotopes present in fusion reactor waste have shorter halflives than those in fission reactors. Two notable exceptions are gZNb(7-1,~ = 2 x 107 yr) and 26A1 = 7 x 105 yr). However, 26A1 cannot leach into groundwater at a concentration greater than 10% of its MPCll even if the groundwater is satu-, rated with 26A1, and no dilution occurs because of the isotope exchange with the large reservoir of natural aluminum in the soil. Thus, such a long half-life appears to be but a slight hindrance to the use of aluminum and alloys of aluminum in minimum-activity controlled thermonuclear reactor (CTR) applications. Reactor size affects the density of waste traffic along specific routes. Clcarly, several smaller reactors (e.g., the Dresden reactor) are, in a gross manner of speaking, indistinguishable from a much larger reactor. However, if the density of highlevel waste shipments past population centers were to become a significant issue, the indivisible nature of fusion reactors would tend to make their siting somewhat less flexible. Shipments that have *Vacuum baking of first-wall material to limit residual tritium has been p r o p~s e d .~ 
! .
!++PWR fuel rod assembly weights used are taken from ref.
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Cost of Transportation
To continue with the assumption 'that on-site waste storage may not be acceptable, a comparison of shipping costs for wastes from both fusion and fission power reactors is made. All waste is assumed to be solid or resinous at shipping time and is broken down into two categories. The first category is for high-level solid waste (e.g., spent firstwall material and spent-fuel elements). The second covers miscellaneous low-to-medium-level waste from many sources. For high-level waste costs, it is assumed that all shipments cover a 1000-mile route and that all materials are carried in spent-fuel casks. In order to estimate costs, four costing schemes are used. The costs of truck shipments are calculated on the basis of the numbers in the Generic Environmental Statement on Mixed Oxide Fuels (GESMO),ll and the requirements for fuel reprocessing and waste burial facilities are estimated. Table 11 Further comparisons are greatly complicated by the number of options available. Fusion wastes may be stored aboveground or in near-grade burial sites; or they may be recycled.5 Spent fuel may be thrown away, or chop-leached and the cladding thrown away, or recycled. Uranium may be recycled, or uranium and plutonium may be recycled. Further consideration is needed to estimate the economic consequences and desirability of these different post-reactor stages of the fuel and material cycles.
Estimates of the remaining solid and resinous wastes generated for four of the candidate reactors are presented in Table 11 -7. UWMAK-I and PPPL will each generate a few barrels (--200/p) of medium-level waste from coolant cleanup and extraction systems and from vacuum pumping system wastes. All other waste is low level. It is assumed that all waste is shipped by truck 1000 miles to a commercial burial ground and buried in some near-grade site. The greater cost for medium-level waste reflects the need for some remote handling, smaller shipment sizes, and greater shielding during shipment. There appears to be no great difference in costs per unit electrical power between hsion and fission plants. Figure 11 -2 illustrates such a burial site.. Blanket structural material and spent-fuel shipments will total in the tens of millions of miles per year for each lo6 MW(e) generated (Table 11- 10) . Full shipments of 1000 miles each are assumed. Because of the distances being covered, there will exist the chance of shipping accidents. degrees of severity, and definitions are given in Table 11 -9. While D O T and NRC standards for class-B packages apply to impacts of up to 30 mph, it is generally considered7 that radioactivity will be released only in unusual extra-severe and extreme accidents. Expected frequencies of various accidents (Table 11-11) have been calculated. For all cases, the frequency of extra-severe and extreme accidents is less than 10-3, or less than one accident per thousand system years.
The consequences of shipping accidents may be different for fission and fusion wastes. Fuel assemblies are not volatile, but they do contain cesium (68,000 Ci), tritium (170 Ci), krypton (2100 Ci), and xenon (60 Ci), which may be partly released in the event of a cladding failure. Furthermore, light metals, fission products, and transuranics, which are held as oxides and are chemically more stable, ,may be volatilized in the event of fire. Fusion waste is composed of light metals which may be volatilized by fire, but a significantly lower biological hazard potential (see Section IV) exists for the materials present.
If one includes Pu, and Pu and U, recycle distances traveled by radioactive waste will increase over the values given in Table 11 -1 1 for LWRs. In any event, similar probabilities are found for the most dangerous accidents. Therefore, risk involved in shipping is directly associated with the biological hazard potential of the shipments (see Section IV). As a result, fusion reactors with the lowest BHP [minimum activity (BNL) or UWMAK-1111 should offer the least risk of serious radiological accident during waste shipment. 
Ill. DECOMMISSIONING
At the end of a reactor's lifetime the nuclear island, including containment structures, heat transfer systems, and the steam system, will contain varying quantities of radioactive material. Final disposition of the reactor must, therefore, be accomplished in such a manner as to avoid the release of unduly high concentrations of various radionuclides. Both fusion and fission power reactors are candidates for decommissioning since they are expected to meet the relevant ERDA16 criteria:.(l) the facility is radioactively contaminated to the extent that it cannot be occupied or dismantled without health physics controls, (2) the facility is in excess of any identified ERDA needs, and (3) the facility is clearly defined by site map coordinates. Entombment and complete removal are two methods of decommissioning considered.
On-site entombment would involve removal of penetrations to the containment level at which entombment is to occur and a complete sealing off of the facility at that containment level. Such a scheme would necessitate continued monitoring and surveillance of the site. Furthermore, the site would not be available for any other use. In favor of entombment as an option for plant decommissioning is the fact that spent-blanket structural ' material could be stored within the reactor building. If a reactor is sited such that on-site storage of spent-blanket waste is possible, the reactor building could also store this waste. On-site waste processing associated with a fusion reactor would still be present, but no transportation or separate burial site would be needed.
Complete removal would involve removing all reactor materials from the site, to some predetermined depth, and making the site reusable to some degree. This process would generate more waste, both c!ean and contaminated, that wniild have to be transported, and would result in larger exposures to workers and the general public living along transport routes. However, in view of the numbers of LWRs and fusion reactors planned for this country, environmental considerations may make complete removal the preferred method. Roughly 3000 square miles per century would be committed to decommissioned sites for each 106 MW(e) generated annually.
Cost estimates are made based on the Gulf. United Nuclear Fuels, Inc. study17 on decommissioning two 1100-MW(e) reactors, a boiling water reactor (BWR) and a pressurized water reactor (PWR), using both the methods mentioned previously. All costs are based on 1972 dollars. For I.,WRs it is assi~rned t h a t all f,iel i s remnverl, and in fusion reactors the first wall is removed before decommissioning begins. No technological improvements over the removal of the Elk River Reactor (ERR) are assuined for LWRs. Because of the far greater amounts of stn~ctural concrete a.nd building cladding in fusion reactors, such an assumption leads to pessimistically high costs. There-. fore, fusion reactor costs are estimated on the basis of both ERR costs and an assumed increase in cost effectiveness nf phases dealing with c . n n s r~t~ and building cladding.
Table 111-1 shows the grand total costs for 1 100-MW(e) LWRs, taken from the Gulf United Nuclear Fuels Corporation study.17 Costs for both PWRs and BWRs are similar, with short-term expenditures for complete removal being roughly four times those of on-site entombment. As a comparison, the cost of complete removal from its site of the Elk River Reactor, a 58-MW(t) BWR, is approximately $6,200,000. 18 For the present, only figures for the decommis-. sioning of UWMAK-I will be presented. The reason for this is that UWMAK-I has a fairly well documented balance of plant and, as will be seen, great uncertainties regarding removal costs make further calculations unwarranted a t this time.
Entombment costs are presented in Table 111 -2 along with a listing of the anticipated steps involved. Many of these steps are the same for both LWRs and fusion reactors. Furthermore, it will be noted that total costs are quite similar.
With a slightly different operating scheme to account for differences in hardware and levels of contamination, complete removal costs for UWMAK-I are presented in ~a b l e s 111-3 and 111-4. Costs and process efficiencies uied in estimating the removal cost of UWMAK-I in Table  111 -3 are based on dismantling experience gained at Elk River.17 Because of the very large amounts of concrete and steel cladding necessary for tritium containment and safe operation with large inventories of liquid metals, economies of scale may be applied to their removal, which will reduce such costs. Similar economies may be possible in the removal of the shield and magnets. Furthermore, since there will be no actinides within the nuclear island, shipping costs have probably been overestimated somewhat. Costs for painting contaminated surfaces to temporarily fix tritium are neglected as being insignificant to the total cost, al- though such measures may be essential for worker .protection.
Taking these considerations into account, a re-. vised estimate of the cost for complete removal of UWMAK-I is made, and an itemized accounting is given in Table 111-4. Removal and shipping preparation costs for the shield, magnet, and primary containment cladding are decreased by a factor of 5 to attempt to account for economies of scale. A tenfold reduction in the cost of removing the remaining building cladding, a fourfold re- Given the second set of assumptions for complete 'removal, the costs are still significantly greater than those for an LWR of similar generating capacity. Dismantling should be considerably cheaper for a minimum-activity fusion reac-. tor. Greater physical size of the fusion plant is the main reason for this disparity. By entombing the' plant for one or two hundred years tritium contamination, which is both unavoidable and difficult to remove, will be decreased greatly. The activity level of primary containment structures will decrease by roughly ~w o orders of magnitude.19 Al'le!. such a. l:~el.ii:d isf entoiiibmeiit, the structure could be entered and removed with less concern for radioactive releases and worker exposure.
After entombment for a period of time sufficient' for background activity within the reactor building to decay to levels such that work could be ac-. complished with'minimal worker protection, two options exist for use of the plant. First, the building could be dismantled by conventional means, e.g., with explosives, without concern for creating significant quantities of tritiated water or other mobile radioactive species. This would allow for lower removal costs. Second, the containment ' structure cuuld be reused wilhout the aln~ust insul~~xiountablt: pl.ubleni uf l~avil~g tu assenlblc a fusiun r~uclear island ill a radiaGou enviro~mci~t. Such considerations argue for use of reactor materials less prone to transmuting to nuclei with long half-lives. Clearly, the problems of decom-' . missioning fusion power plants, as they are currently envisaged, are quite different from those of LWRs, and costs for fusion reactors will be greatly reduced if these problems are taken into account at the design stage.
IV. ISOLATION AND DISPOSAL
IV.1. General Considerations
Final disposition of radioactive waste is one of the more serious problems facing the users of fission and first-generation (D-T, D-D, or D-3He reaction) fusion reactors. Various approaches to this problem are well documented elsewhere for fission reactor~.~O Many of the'techniques developed for the fission reactor industry may be applicable to the slightly different problems of fusion reactor waste isolation and disposal.
Because of the nature of fusion structural waste, isolation will probably be the preferred method of disposition. As stated previously, highly activated 300-series stainless steels, vanadium-titanium alloys, and possibly SAP or other aluminum-based alloys will be reusable after no more than a few centuries of isolation from the biosphere. Resource scarcity and energy costs may make the recycling of the Brge quantities of radioactive waste that would accompany a fusion economy an attractive proposition. Therefore, only techniques affording ease' of retrieval are considered.
Prior to burial, steps must be taken to contain the stored material. Such containment would inhibit. the leaching of radioisotopes f r o n~ buried structural waste. Possible schemes to afford such protection with shielded or unshielded containers, with or without concrete fixing and stored above oy below grade, are considered. Containers may be minimal for compacted structural waste if tritium and smearable radioactivity are removed or fixed. Waste may be placed in such containers prior to shipment from the reactor site if this aids handling.
Interim storage and burial ground methods similar to those used for fission reactor wastes will probably be appropriate for fusion waste, as the storage time for effective and complete removal of most isotopes by decay is less than 300 years. 63Ni, g2Nb, 93Zr, 93M0, and 26A1 are a11 exceptions to this rule, however. 63Ni is present in slight quantities in 3 16 SS; as stated earlier, 26A1 does not appear Lo present much of a storage problem in spite of its long half-life; and 93M0, while present in significant quantities in TZM, is present in small quantities in PE-16. Furthermore, because of the relative ease of retrieval and lower costs, the above schemes will be attractive when compared with such methods as deep geologic s+age, geologic disposal, extraterrestrial disposal, and transmutation, although one or more of these methods will tiltimately be necessary for the high-level, fission wastes with their very long decay times.
Possible methods of material isolation and storage for fusion wastes are earth-covered aboveground storage, below-grade hole-in-ground or trench storage, or storage in a cave or abandoned mine. In above-grade earth-covered storage, used at the Idaho Nuclear Engineering Laboratory (INEL) for low-level transuranic wastes,21 containers are placed on a sloping concrete or asphalt pad and covered with plywood and polyvinyl film, with about a meter of soil on top. Below-grade hole-in-ground and trench storage involve steelor concrete-lined holes or trenches with a steel or concrete cover and an earth cover on top. Some form of water removal, either drain holes in the trench or a sump pump, is necessary. Storage in .
an abandoned mine or a cave involves setting waste in a geologically stable mine or cave and erecting suitable physical barriers to secure the area.
Advantages of above-grade earth-covered storage include: low cost for the actual site; ease of construction on most locations; and easy detection of leaks by monitoring of pad run-off water. Disadvantages to aboveground earth-covered storage include: greater vulnerability of such a site to floods and other extremes of weather; and increased costs of shielding. Hole-in-ground and trench storage are quite similar, but, if large quan-' tities are to be stored, trenches cost less. The advantages of such storage methods are better shielding than for aboveground storage, and greater protection and cbntainment as well. The primary disadvantage is the difficulty of monitoring runoff water which would require that a sump pump be kept operable for a period of two or three centuries. Caves and mines provide the best shielding, best weather protection, and gi-eatest ease of securing a site when it is full, but geologic stability should be investigated. Most of the technology presently exists for all four of these methods of isolation, and a decision as to which is used may be based upon the geology and economics of a particular waste storage site.
One very basic difference between fission and fusion reactor wastes is that the above storage methods represent interim storage for fission waste and final disposition for fusion waste. This means that when fusion waste has dccayed to the point that most concentrations of radioisotopes are below their MPCs, long-lived transuranics and 1291 -are still near their original concentrations. Thus, while no final storage or disposal of fission waste has been implemented, existing storage techniques would be appropriate for final disposition of fusion wastes.
In all these cases, no account has been taken of afterheat removal. For UWMAK-I, the adiabatic rate of temperature rise is 2.4 x 10-3 K/sec for a Table IV barrel of structural waste. In 20 years the rate is roughly 1% of that value. Either good conduction paths away from waste containers are maintained, or, temporarily (-20 yr), air-or water-cooled storage is maintained. Because of the large quantities ofwaste to be generated by a fusion-based economy, final isolation should be simple and in-. expensive. Thus, heavily shielded aboveground facilities with active methods of cooling probably are not desirable. Total waste generated by a 106-MW(e) fusion economy based on the four-candidate power reactor designs is shown in Table IV - Tables IV-2 and IV-3 are abridged presentations of solid wastes associated with LWRs capable of generating lo6 MW(e) annually and the associated fuel reprocessing plants presented in ref.
3. It is assulr~ed that all ft~el is recycled and, therefore, that fuel reprocessing capacity must equal Table IV-3 Volumes of Solid Waste Generated Annually by 30. products, activated cladding, and actinides.. uranium and plutonium and all of the remaining As a gross comparison, Table IV-4 presents bioactinides. Both water and air are considered as logical hazard potentials for shipped structural possible media for transport of stored or shipped waste or spent fuel per' annum. (As all of these radionuclides. As a comparison, the amount of materials are fairly nonvolatile metals being uranium and thorium in the coal burned annually shipped in similar casks, a similar but unspecified in a 1000-MW(e) coal-fired plant is included22 release factor may be assumed for all cases. Thus, along with 10 kg of tritium. Except for the low it is possible, with some confidence, to compare MPC of 93Mo, the predominant long-lived isotope BHPs for transported goods.) Clearly, fusion reac- ' in UWMAK-111, fusion BHPs are significantly tors present a much smaller radiological hazard if lower than comparable fission BHPs. In some this form of comparison is used. If we integrate, cases, e.g., UWMAK-I and BNL, the BHP equals with respect to time, the RHP of waste streams or approaches that of coal. over some period of time after reactor shutdown, Figures IV-3 and IV-4 show the time intervals some.measure of the risk associated with holding from 1 yr after reactor shutdown to 107 and 109 yr these materials is obtained. These values may be for air and water MPCs. Here, a premium is compared only with each other, and such a complaced on short half-lives, high MPCs, and low parison is possible since one may posit similar reinitial activities. LMFBR actinides, LWR spent lease factors for all these materials. It may be fuel, and coal all contain very long-lived radioisonoted as well that higher wall loadings tend to retopes, which is reflected in the large integrated duce the biological hazard potential of shipped ' BHPs exhibhed for these cases. structural waste for fusion reactors. Attempts to When to cut off integrated BHP, since some acminimize induced structural activity will produce tinides have half-lives around the expected re- rated, and the time when it is believed the earth as we know it will no longer exist.
After two centuries of storage, LWR spent-fuel BHPs will have nearly reached their long-term values. 239Pu, 240Pu, 242Pu, and 241Am represent the most significant contributions to the BHP after this time. The plutonium isotopes have halflives of 2.44X 104,6540, and 3.87 X lo5 yr, respectively. 241Am has a half-life of 433 yr. l3lI has not entered into the present considerations as it decays to insignificant levels in 1 yr. Long-lived fission' products 79Se, 99Tc, 137Cs; some isotopes of Sm; and fission products in general do not contribute significantly to the BHP of spent fuel. 137Cs and 90Sr have half-lives of 30.1 and 29 yr, respectively, and contribute significantly to 1-yr BHPs, but they decay such that they contribute less than 1% of the total BHP in 200 yr. Metallic assembly components do not contribute significantly to spent-fuel BHP at the times considered. Many of the long-lived isotopes in metallic assembly components, 14C, 63Ni, 93M0, and 99Tc, are the same isotopes found in C T R waste. Of primary concern in spent fuel, however, as has often been stated, are the long-lived transuranics.
Blanket waste is quite different from spent fuel because of the absence of 137Cs, and transuranics. This results in lower initial BHPs and more rapid decay. One notable exception is 26A1, whose contribution is quite small to begin with. 54Mn, 44V, 5 8 C~, 60C0, 57Ni, and 55Fe make up 95% of the BHP at removal time for 316-SS-based designs (UWMAK-I and the O R N L Demo). In 200 yr, 63Ni (TlI2 = 100 yr) becomes the dominant isotope. The same isotopes are dominant for the PPPL design, and 93Mo also contributes to the long-lived radioactivity. For U WMAK-111, after 1 to 3 yr of cool down, only 93Mo and 93mNb are significant. 93Mo has a half-life of roughly 3000 yr. One year after shutdown 26A1, 54Mn, 55Fe, and l19Sn all contribute to the BHP, but after 200 yr only 26A1 remains. Because of its long half-life (7.3 x 105 yr), its BHP declines very sluggishly with time.
IV.2. Ultimate Disposition of
Fusion-Reactor-Activated Structural Waste IV.2.1 Introduction. At least two options appear to exist with regard to the ultimate disposition of fusion-reactor-activated structural waste. First, materials may be isolated until all radioisotopes have decayed to an innocuous level. At such time, the material may be either left where it is or returned to industry. Economics and demand for materials used in fusion reactors will determine whether or not recycling is desirable. A second option is to recycle the material before all radioisotopes have decayed to such low levels. Recycled material could then be used for reactor, or other radiation environment, applications. The level of activity at which recycling is permitted is set to be such that the dose required by a full-time worker with only minimal protection would be acceptable. Such protection could include fume hoods with HEPA filters, but there would be no need for glovebox facilities or shielding.
IV.2.2 Permanent, Ultimately Unguarded Dis-
posal. In the event that recycling of fusion reactor structural material should seem unattractive, some means of permanent disposal will probably have to be implemented. Since disposal cost increases with irretrie~ability,~03~3 economic considerations tend to favor less extreme isolation schemes. It is assumed that loss through leaching by groundwater or some other mechanism acts to disperse any residual radioactivity at some time after maintenance of the storage site ceases.
Following lines similar to those in BNWL-2019,' one may use the time required for all isotopes to decay to concentrations below their respective MPCs as the time structural radwaste must be actively managed. After all radioisotopes have decayed to their MPCs, the remaining material may be left unattended. However, for below-grade storage, a .naturally occurring element will tend to inhibit the diffusion of its radioisotopes leached from stored waste. I n the case of 26A1 (Tl/2 = 7.3 X lo5 yr), aluminum present in the earth's crust limits the maximum concentration at . which it is found around waste from the BNL minimum-activity blanket to roughly 10% of its MPC. Furthermore, isotopes such as G3Ni = 100 yr) must be ingested to be hazardous to life. This particular isotope is present in stainless steel (< 10 Ci/m3) in quantities which suggest that if long pathways to water tables are provided, loss through leaching may not be a significanl hazard.
Table IV-5 presents times that fusion waste must be managed before it may be ignored. Below-grade storage and some form of containment (e.g., concrete vaults or 55-gal drums) are assumed. Ifone assumes that 26A1 and 63Ni will not be a problem for the reasons stated, some candidate structural materials may be ignored after a relatively short time. Clearly, molybdenum-or nickelbased alloys must be held for longer times as they contain large inver~tories of compacted waste composed of fairly long-lived isotopes ( 100 < T1/2 < 3000 yr). Stainless steels, Si-Al-Mg alloys, and SAP may be left unattended after less than two centuries. Rigid control of material impurity levels must be maintained for such short holding times to be possible, however.
IV.2.3 Structural Material
Recycle. Some chemical compolle~lls of fusion reactor structural wasle (e.g., chromium) may he s~tfficicntly soarcc or valuable to make material recycling attractive. One factor that will significantly influence the dccisior of whet lie^ LO recycle or n o t is the cost, which is directly cuupled to the level of' remaining radioactivity. In order to estimate how long an isolation period is required for waste after reactor shutdown, the annual dose received by a worker near an unshielded 1-m sphere of waste material is calculated as a function of isolation time. It is assumed that fume llouds aiid air filtersn will he used to keep thc amount of radioactive waste dispersed as small as possible. Only effects due to shielding and remote operation are eliminated in this scheme. Furthermore, it is assumed that all surface-bound tritium is removed before operatior~s begin and all bulkbound tritium is lost up the fume hood stack. The geometry is intended to approximate a milling operation. Fabrication operations would clearly be more ie?listically modeled by a slab geometry.
Fur rhree proposed reactor structural waste streams and two time schedules for the worker receiving the exposure, approximate times to decay to two maximum annual exposure levels are cal- culated. Spheres of spent-blanket material 1 m in diameter are taken as the source of gamma emissions from UWMAK-I (316 SS), the PPPL reactor (PE-16), and the BNL blanket design (Al, A1203). Limits for maximum allowable worker exposure are taken to be the currently accepted 5.0 R/ yr" and one tenth of that value. Table IV-6 shows the cases considered for obtaining this expasure. It is assumed that most of the rimc the worker will be 10 to 20 m from tlie suurce for milling operations. Somc time i~~u s t be spent near the recycle feed material, and this'is taken to' be 5 to 10% of the working day. It is assumed that 10% of the working day is spent far away, or otherwise shielded, from the source.
For thesc sets of conditions, the rimes required for reactor waste to decay to acceptable levels and the expected annual worker exposures after a 100-yr holding time are presented in Tables IV-7 and IV -8. Clcarly, present maximum worker exposure standards (5 R/yr) may be nlet after reasonable holding times (usually <50 yr) and 10% of that value olexposure (0.5 K / Y~) may be met in, at most, 70 yr. For 100-yr holding times, no exposure greatly exceeds 10 mR/yr.
Very soon aftcr shutduwn (-1 yr), minimumactivity blanket materials may be recycled under the scheme proposed. Because of the long half-life of 26A1 (7112 = 7.3 X 105 yr), an increase in the holding time has little or no impact on exposures. As mentioned earlier, various fusion reactor conceptual designs assume different first-wall lifetimes. In order to investigate sensitivity to firstwall integrated loading three designs, UWMAIC-I, ORNL Demo, and PPPL, have their first-wall lifetimes normalized to 10.0 M W yr/m2. Annual volume and activity of waste and integrated BHPs are calculated and compared to as-designed values.
Table A-1 shows annual waste terms for the three candidate conceptual designs for both ao.. designed and normalized first-wall lifetimes. It is assumed that the lifetimes of all other components are changed by the same factor as that. used for the first wall. Beyond a blanket lifetime of two years there is only a very slight buildup of activity in 3 16 SS4 or PE-16.5 Clearly, the Wisconsin and Princeton designs exhibit more similar blanket source terms under the imposition of a common first-wall lifetime neutron load.
,At present, great uncertainties exist as to what is a reasonable estimate of first-wall lifetime loads for different candidate materials. Therefore, previous estimates of waste volume based upon a design group's first-wall lifetime may change as improved data on material behavior become available.
Because of the small change in integrated wall load, the specific activity of'blanket structural waste changes only slightly from the values presented in Table 11 In the body of this report, comparisons are made between waste streams of fusion devices and LWRs with no recycle. By the time fusion is ready for implementation, breeder reactors may be one of the major alternatives fo; central power generation. Therefore, a,brief comparison is included in . this appendix of LMFBR waste management, based on an extrapolation of the Clinch River Brceder Reactor (CRBK), and fusion waste management.
A basic difference between our discussion of the LMFBR and the LWR fuel cycles is that reprocessing and fuel fabrication are included for the LMFBR. A mature breeder reactor economy is assumed; a similar assumption is made for LWRs. As a result of fuel reprocessing, much of the actinide inventory is converted to shorter-lived, less toxic fission products.
..- Table B -1 presents biological hazard potentials for one year's high-level wastes from an LMFBR, LWR with plutonium recycle, and UWMAK-I. LMFBR waste is composed primarily of fission products, transplutonics, and 1 % of the reprocessed uranium and plutonium. T o provide a more direct comparison between an LWR and LMFBR, the LWR fuel cycle is now closed with regard to plutonium. UWMAK-I is taken as a representative fusion plant.
BHP decreases with time most rapidly for hsion waste. LMFBR waste has the greatest near-term biological hazard potential. However, the presence of greater quantities of long-lived actinides means that LWR waste has a significantly greater long term integrated biological hazard potential. Table B -2 illustrates an abbreviated comparison of wastes creatcd on site annually in the operation of an LWR with Pu recycle and a n LMFBR.24 LWRs generate tour times as much low-and medium-level waste as a similar-sized LMFBR, and noble gases are neglected because of the relatively small quantities involved. LMFBR fuel reprocessing generates more cladding hulls and lowand medium-level waste than does the LWR. No differences are seen between the two reactor types in reprocessing high-level waste or low-and medium-level waste from fuel fabrication. Differences in volumes of low-and medium-level waste are not considered significant for the present comparison.
Greater distances imply higher accident probabilities. However, it seems unlikely that distances and probabilities would be increased by more t h a i~ a factor of 2, and, therefore, they were not estimated. However, if file1 with short decay times is reprocessed, the consequences of any release of radioactivity will be more significant.
In conclusion, it appears that differences arising from the inclusion of LMFBRs are due to recycling operations. LMFBRs represent the greatest near-term biological hazard. Less than 1000 years (closer to 200) after reactor shi~tclown, fusion waste represents the least biological hazard.
APPENDIX C Further Comparisons of Fusion and Fission Wastes and Fuel Cycles
Further evaluations and comparisons of hsion and fission reactor wastes may be made on the basis of the percentage of the United States air and groundwater reserves needed to dilute the annual waste from a 106-MW(e) economy to MPC levels. In order to estimate the possible. effects of the front end of a uranium or thorium fuel cycle, BHP values for uranium and thorium ores are calculated in this appendix, as well. In these calculations it is assumed that for 100 years no release is made, and after 100 years the waste is distributed evenly through all the air or gro1.1ndwater considercd. No attempt is made to associate these .conditions with an accident scenario; such a situation is set up for comparison alone. Clearly, such dilution could not occur in the groundwater casc in tiines of interest.
Table C-1 presents results for the above situations. Limitations imposed upon fusion waste results are thc uncertainties due to sensitivities associated with variations in wall loading and to the lack or data at the time these early conceptual designs were made .
Clearly, for all cases fusion wastes require less dilution than fission wastes. Furthermore, after 100 years stainless steel becomes a very manageable material.
Mining of fuels is another activity with radiologic hazards. Fuel for fusion reactors includes, for a D-T cycle, deuterium from sea water, lithium, and possibly beryllium. Aside.from the chemical toxicity of beryllium, which is not considered, no radioactivity is associated with these input streams other than naturally occurring background radiation from 40K etc.
If one considers monazite ore, BHP may be obtained for the amount of ore that must be mined to supply the necessary 235U to an LWR for one year. An enrichment of 3.2% is assumed. Ore composition is taken to be that of Indian monazite26. (9.6% ThO2,0.3% U3O8). If one neglects the thoria, the uranium composition is found to be similar to that of other uranium ores. Table C-2 presents the results of these calculations. If one considers that the vast majority of the ore stays in the ground (or in the background 0.1 ppb average uranium content of water) and that most of the mined ore is returned to the earth as trailings, these results show that althopgh a significant amount of radioactivity is handled [--500 Ci/GW(e)-yr], most of it is not affected by these operations.
